We deployed 56 temporary seismic stations within approximately a month after the occurrence of the 2004 midNiigata prefecture earthquake. Using manually-picked arrival data obtained from the temporary and surrounding permanent seismic stations, 1056 aftershocks have been relocated. Based on the spatiotemporal variations in the relocated aftershocks, the cluster activities associated with the mainshock and some large aftershock events are identified. The aftershocks associated with the mainshock, the largest occurred on the two steep west-dipping planes at an angle of 60
Introduction
A shallow Mw 6.6 inland earthquake occurred in northwestern Japan (Niigata prefecture) on Oct. 23, 2004 and resulted in serious seismic damages including landslides in the surrounding areas. It is remarkable that the number of large aftershocks (M>4) after this event is significantly greater than those after other large inland earthquakes [Japan Meteorological Agency (JMA) catalog] that have occurred recently in Japan. This sequence of aftershocks with magnitudes greater than 4 continued for approximately 2 weeks after the mainshock. The aftershock distributions have changed with time due to the triggered aftershocks of large magnitudes and finally resulted in highly complex patterns comprising of many earthquake clusters. An interaction between the earthquake clusters through stress transfer has the potential to develop such complex aftershock distributions (e.g., Stein, 1999) associated with the crustal heterogeneity due to crustal stretching and folding around the source region (e.g., Sato, 1994; . Although the focal mechanisms of the mainshock and the large aftershocks show a reverse fault type with a strike of approximately N35E (Fig. 1, , it is extremely difficult to determine even the fault dips of large events using only the data obtained by the permanent seismic stations . Since the accurate aftershock distributions are significant for understanding the earthquake interaction through stress transfer and crustal heterogeneity, determining the hypocenter locations within dense seismic network is critical.
Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
In order to investigate the accurate aftershock distributions and the development of the sequence of aftershocks, we deployed 56 temporary seismic stations for approximately one month in and around the source region of the mainshock. In this paper, the hypocenters for 1056 events with a magnitude greater than 2.2, selected from the JMA catalog, are determined using the manually-picked traveltime data obtained by the temporary and surrounding permanent seismic stations. Further, the temporal-and spatialdistributions of the aftershocks for a period of approximately one month in and around the source region have been discussed. The details of the seismic activity within the first 5 days, which were determined by 14 temporary stations deployed immediately after the occurrence of the mainshock, are presented in another paper . Figure 1 shows the map of seismic stations and the epicenters of relocated aftershocks in this study. The seismic network consists of 56 temporary stations with 3 components and 28 permanent stations located within 70 km from the center of the source region. Each temporary seismic station was equipped with 1-Hz seismometer, signals of which were recorded continuously at a sampling rate of 100 Hz, and a GPS receiver to maintain the accuracy of an internal clock with an order of 1 ms. The temporary seismic stations were installed between Oct. 24 and Nov. 8, and the observations were carried out until Nov. 25. The heavy landslides fractured the roads to make it difficult to gain access to some of the areas close to the epicenter of the mainshock; hence, 4 seismic stations in those areas were installed using a helicopter (denoted by stars in Fig. 1 ). Fig. 2(a) . The strike of the cross section is 55 • from north to west, which is selected to be perpendicular to the direction of the geological structure in this region. The sizes and colors of the circles are scaled to the magnitude, and the depth, respectively. The error ellipsoids (2σ ) for four large events on Oct. 23 are shown by broken curves.
Data and Methods
We selected the hypocenters of the 1056 aftershocks with a magnitude greater than 2.2 that occurred at 1800 on Oct. 24 to Nov. 26 from the JMA catalog. Both P-and S-wave arrival times for these events were picked manually from all the stations mentioned in this paper. Next, a maximum likelihood estimation algorithm for hypocenter location (Hirata and Matsu'ura, 1987) was applied to the arrival data. Since the crustal velocity structure changes laterally around the source region (Takeda et al., 2004; , the hypocenter locations are determined assuming two different one-dimensional velocity structures in the northwestern and southeastern directions of the source region. The boundary between these velocity structures roughly coincides with that of the Muikamachi fault (Fig. 1) and its northeastward extension. At shallow depths of less than 3 km, the northwestern side of the Muikamachi fault has a significant low velocity, while the southeastern side has a moderately high velocity (see figure 2 in Sakai et al., 2005) . Further, the station correction for each seismic station has been evaluated using the average of the travel time residual at each station. Then, we adopted the station corrections to locate the aftershocks (Tables 1 and 2) .
In order to assess the reliability of the hypocenter calculations, we apply a statistical resampling approach to all events (bootstrap method; Shearer, 1997) . For a final hypocenter, we calculated the synthetic arrival time data by randomly adding the noises with zero mean and a standard deviation of 0.09 s for P-wave and 0.2 s for S-wave, which conform to the observed residual distributions for P-and S-waves, to the observed arrival time data. We then re- Fig. 3(a) . The sizes and colors of the circles are scaled to the magnitude, and the depth, respectively. located all the events using these resampled data to determine the shift in the locations from the final hypocenter. The process was repeated 200 times for each event. We calculated a mean and a variance-covariance matrix of the synthetic hypocenters to evaluate a hypocenter and its uncertainty. The location error is defined as 2σ (σ : standard deviation for the amount of the shifts) for each direction, which contains almost 95% of the relocated events with resampled data. Estimated uncertainties in the horizontal and vertical directions are averaged to 0.4 and 0.8 km, respectively. However, the vertical uncertainties in the southwest of the source region were twice of that in the other areas considered until Oct. 27, since the enough temporary seismic stations had not been installed by then.
Because the large events with magnitude larger than 6 occurred on Oct. 23 before the temporary seismic stations were deployed, we relocated their hypocenters using the travel time data observed at the surrounding permanent stations . In relocating the hypocenter of the event at 1811 on Oct. 23, a P-wave arrival time data observed at the KIK-NET station of Kawanishi [NIED] was added. With regard to the location errors for 4 large events on Oct. 23 (M>6), the estimated uncertainties in the horizontal and vertical directions ranged from 0.5 to 1 km and from 1.5 to 3 km, respectively (Fig. 2) . It should be noted that the absolute accuracies for the mainshock and the large aftershocks are worse than those of the aftershocks relocated using the temporary seismic station data presented in this paper, because of no stations just above these events. Figure 2 shows the distributions of the relocated aftershocks that occurred until Oct. 28. From Fig. 2 , it can be observed that the aftershocks associated with the mainshock ( 1 ) and the largest aftershock (at 1834, Oct. 23, 4 ) occurred on the 2 west-dipping planes at an angle of 60
Aftershock Distributions
• and approximately 5 km apart (Fig. 2, G-H, E-F) ; on the other hand, the aftershocks on Oct. 27 ( 5 ) are aligned on the east-dipping plane at a low angle of 25
• , which is a conjugate of the main fault. It should be noted that the hypocenters of three large events are located at the deepest part of each aftershock plane, which implies that the shear rupture is initiated at the deepest part of the fault. The aftershocks associated with the event at 1803 on Oct. 23 ( 2 ) seem to be distributed around the east-dipping plane (Fig. 2, C-D) . However, the trend is not clear due to a small number of aftershock activities with a magnitude greater than 2.2. Indeed, Sakai et al. (2005) delineated the aftershock distribution aligned on the eastward dipping plane, using the small events with magnitude less than 2.2. Further, the aftershocks associated with the event at 1811 on Oct. 23 ( 3 ) appear to occur on the east-dipping planes with a steep dip angle of approximately 53
• (Fig. 2 I-J) . Although a depth of the event at 1811 is poorly constrained (±3.0 km) due to the lack of the travel time data near the hypocenter, the cluster on the northwest side is considered to correspond to the aftershock activities associated with the event.
The relocated aftershock distributions after Oct. 29 are shown in Fig. 3 . It is clear that the prominent cluster activities are located around the northeastern edge of the aftershock region (Fig. 4) . Those activities were triggered by a sequence of the large or moderate events that occurred on Nov. 6 (M4.9; 8 ), Nov. 8 (M5.6; 9 ) and Nov. 10 (M5.0; 10 ) around the northeastern edge. It should be noted that the aftershocks triggered by the event on Nov. 8 result in an east-dipping plane at an angle of approximately 45
• (Fig. 3, A-B) , which is steeper than the planes of the large aftershocks on Oct. 27 at an angle of approximately 25
• (Fig. 2 , E-F). These differences in the fault dip angles for the events between Nov. 8 and Oct. 27 coincide with the variations in the dip angle of the focal mechanism plane for each event, estimated by F-net (Fig. 2, 3) [the National Research Institute for Earth Science and Disaster Prevention]. The hypocenter depths associated with the events on Nov. 6, 8, and 10 are restricted to shallow depths. Further, the northward extension of the aftershock activities is observed at a greater depth of approximately 16 km, where the event of magnitude 5.4 ( 6 ) occurred on Nov. 4 (Fig. 3, C-D) , and these aftershocks are aligned on the steep east-dipping planes.
Figure 3 also shows that the aftershock area extends southwestward. This activity was triggered by the occurrence of the two aftershocks with a magnitude of 4.2 at a depth of approximately 7 km that occurred on Nov. 5 ( 7 ) and Nov. 13 (11 ) (Fig. 3, K-L) . Note that the aftershock activity around the southwestern edge is not higher than that around the northeastern edge of the source region.
Discussions
From the depth sections of the aftershock distributions (Figs. 2, 3 ) and the elapsed time and space history (Fig. 4) , the complex hypocenter distributions associated with many aftershock activities have been identified and formed the east-or west-dipping planes. The fault dips for major events, such as the mainshock, the largest aftershock, and the aftershock on Oct. 27, are consistent with those estimated by other studies (Okada et al., 2005; Shibutani et al., 2005) . Based on the seismic tomographic studies Okada et al., 2005) , the aftershock distributions associated with these major events are located at the boundary between low and high velocity structures. It is interpreted that the mainshock fault plane of the mid-Niigata prefecture earthquake was reactivated as a reverse fault due to the crustal shortening initiated at 3.5 Ma Okada et al., 2005; Sato and Kato, 2005) . Thus, it is suggested that the complex distributions of aftershock activities are potentially caused by the heterogeneous geological structures, which might be formed during the crustal stretching or shortening along the coastline of Japan. From the temporary GPS observations, Takahashi et al. (2005) have estimated that the fault plane of the Nov. 8 event can be dipping westward. However, it appears to be difficult to determine whether the fault plane dip is westward or eastward, since there were no GPS observation data for the plane above the estimated fault plane. Nevertheless, this study shows that the aftershock activities are aligned on the east-dipping plane at the northeast cross section where the hypocenter of the Nov. 8 event is located (Fig. 3, A-B) . Since we recorded the seismograms at 3 temporary seismic stations that are located at an epicentral distance of less than 2 km, we have enough accuracy in locations of those events; spatial errors of less than 0.2 km in the horizontal direction and those of less than 0.4 km in the depth.
From Fig. 4 , it is noted that the aftershock activities associated with the mainshock and large aftershocks have continued till the end of November and the generation rate decreased with the elapsed time. In contrast, northeast-and southwest-ward extension of the aftershock activity became prominent at a later stage (Figs. 3, 4) . The spatial extension of the aftershock activities has also been observed in other inland earthquakes (e.g., the 2000 Western Tottori Earthquake (Fukuyama et al., 2003) and the 2003 Northern Miyagi earthquake (Okada et al., 2003) ).
The activities triggered by the Nov. 8 event (M5.6) around the northeast edge are particularly significant. The reason behind high seismicity around the northeast edge is believed to be the accumulated shear stress subjected in the region due to the mainshock rupture before the event. The waveform inversion study on the mainshock rupture process revealed that the large fault slip was generated both around the hypocenter and at the shallow northeast area of the hypocenter, and the shear rupture propagated toward northeastern side of the source region (Honda et al., 2005) . Thus, the large fault slip at the shallow northeast area increased the shear stress around the northeast edge of the aftershock area. The aftershock activity near the northeast region was observed before Nov. 8 (Fig. 4) , and the seismicity rate was higher than usual. Based on a stress transfer model that incorporates the frictional constitutive law (Toda and Stein, 2003) , the triggered seismicity rate increased remarkably when further shear stress is built up in such a region where the seismicity rate has already been high.
Conclusions
Dense seismic observations were conducted for a period of approximately 1 month after the occurrence of the 2004 mid-Niigata prefecture earthquake. Based on the spatiotemporal variations in the relocated aftershock distributions, the cluster activities associated with some large aftershock events were identified. It is further observed that the aftershock area extended in the northeastward and southwestward directions and the east-or west-dipping planes were formed associated with this extension of the aftershock area at the later stage. The triggered seismicity around the northeast edge was more significant than that around the southwest edge.
